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The electrochemical behavior of nitrobenzene and its derivatives at chemically-functionalized multi-wall 
carbon nanotubes (MWNTs) modified electrodes was studied. Experimental results showed that 
hydroxyl- containing MWNTs exhibited the highest electrocatalytic activity among the used MWNTs 
because of its weak capacitive features and oxygen-containing functional groups. The cycle voltammetrys of 
nitrobenzene derivatives on the MWNTs modified electrodes can be easily tuned by changing the 
substituted groups of nitrobenzene. Based on the experimental data, the electrochemical reaction 
mechanisms of nitrobenzene and its derivatives on the MWNTs modified electrodes have been discussed 
and analyzed. 

Nitrobenzene (NB) is widely used to produce aniline, dyes, pesticides and drugs in the current industry 1 ' 2 . 
However, NB is harmful to human health even at low contents 3 . Generally, NB can enter into human 
body and then lead to serious diseases, such as the attack of nervous and blood system, even liver cancer 4 . 
Unfortunately, the characteristic of strong electron affinity of the nitro-group in NB makes it stable in the 
environment. As a result, removal of NB is important, but difficult 5 ' 6 . 

Recently, the detection and degradation of NB have been developed by using various technologies, such as 
catalysis and oxidation and reduction processes 7 " 10 . As a powerful technique, the electrochemical method has 
been used to detect and degrade NB-rich wastewaters 11 " 13 . For example, the carbon cloth electrode can be used as 
the electron donor to selectively degrade NB to aniline in a bioelectrochemical system 11 . Two-dimensional 
ordered mesoporous carbon nitride was designed as the electrochemical sensor for the detection of NB 12 . The 
electrochemical degradation of NB has also been comparatively studied in the presence of Fe 2+ , Cu 2+ and/or 
ultraviolet-A light by an oxygen -diffusion cathode 13 . 

Since the discovery of carbon nanotubes (CNTs) 14 , they have been widely used in many important fields, such 
as energy, catalysis and biomedicine 15 " 18 . CNTs-based electrodes have been successfully used in the electrocata- 
lysis of various molecules as well as oxygen reduction reaction. For example, multi-wall carbon nanotubes 
(MWNTs) decorated with Cu/Cu x O or Pt nanoparticles showed good electrocatalytic activity for NB 19 ' 20 . In 
the meantime, the electrocatalytic property of CNTs themselves has also been explored 21 " 24 . For instance, N- 
doping CNTs showed remarkable electrocatalytic activity toward oxygen reduction reaction 21 ' 22 . It was found that 
the electrocatalytic activity of MWNTs toward the selective oxidation of dopamine, uric acid and ascorbic acid 
was closely related to the chemically modified functional groups on MWNTs 23 ' 24 . Despite recent progress, the 
electrocatalysis of CNTs still needs a further elucidation to gain a better understanding about their intrinsic 
electrocatalytic ability 20 " 24 . 

In this work, MWNTs modified glassy carbon electrodes (MWNTs/GCEs) have been used to investigate the 
electro reduction of NB in acid electrolytes. The MWNT samples studied in this work included pristine MWNT 
(MWNT-P), acid-treated MWNT (MWNT-T) and hydroxyl- containing MWNT (MWNT-OH). Based on our 
previous report 23 , MWNT-P contained a small amount of hydroxyl groups, MWNT-T mainly had carboxylic 
groups with a small part of hydroxyl groups and MWNT-OH contained more hydroxyl groups. It was found that 
the order of the electrocatalytic activity of the MWNTs/GCEs toward the electro reduction of NB was different 
from what was observed before 23 . 

In order to control, detect and degrade NB efficiently and practically, the reduction mechanism of NB on 
MWNTs/GCEs was investigated systematically by using the cycle voltammetry (CV) technique. Compared with 
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Figure 1 | The performance of MWNT/GCEs for the electrocatalysis of 

NB. CV curves of different electrodes in aqueous H 2 S0 4 (0.2 M) solution 
containing NB (0.4 mM). All the CV measurements are in the same 
conditions in this article unless noted otherwise: scan rate: 100 mV/s, 
sweep interval: 0.001 V, quiet time: 2 sec. 

the electroreduction of p-aminophenol, azobenzene and aniline, the 
results of CV curves revealed an unusual electrochemical reduction 
pathway for NB and its derivatives on MWNTs/GCEs. NB could be 
reduced to phenylhydroxylamine, and then generated azobenzene or 
p-aminophenol by controlling the potential windows. 

Results 

Figure 1 shows the CV curves of the bare GCE and MWNTs/GCEs 
measured in aqueous sulphuric acid solutions containing NB. Three 
peaks can be observed from the CV curves of the MWNTs/GCEs. 
Peak a was produced by the four-electron reduction of NB to phe- 
nylhydroxylamine, peaks b and c were ascribed to the phenylhydrox- 
ylamine-nitrosobenzene couple 25 . It can be perceived that the peak 
current for MWNT-OH/GCE was the highest among the MWNTs/ 
GCEs including the GCE modified with carboxylic- containing 
MWNT (MWNT-COOH), MWNT-OH with a low -OH content, 
amino-substituted MWNT (MWNT-NH 2 ) and graphite (Supple- 
mentary Figure SI). Furthermore, the redox peaks of MWNT-OH/ 
GCEs were very sharp. It can be derived that the peak currents of 
peak b were 172, 145 and 302 uA for MWNT-T/GCE, MWNT-P/ 
GCE and MWNT-OH/GCE, respectively. For the MWNT-OH/ 
GCE, redox peaks can also be observed clearly even at a low concen- 
tration of NB (Supplementary Figure S2). It is also clear that MWNT- 
T/GCE showed the highest capacitive feature while MWNT-OH/ 
GCE displayed the lowest capacitive behavior 26 . 

The differential pulse voltammetry (DPV) curves of MWNT-OH/ 
GCE under varied NB concentrations in aqueous electrolytes were 
shown in Figure 2A. Clearly, the peaks currents continued to rise 
with the increase of NB concentration. It can be concluded that DPV 
curves of the electrode showed a higher sensitivity than CV curves 
(Supplementary Figure S3). The inset in Figure 2A revealed that 
MWNT-OH/GCE presented a linear relationship within the studied 
concentrations of NB, with a correlation coefficient of r = 0.999. The 
detection limit of NB on MWNT-OH/GCE was calculated to be 
about 0.08 |iM. However, the detection limits of NB were 1.5 and 
2.5 uM for MWNT-P/GCE and MWNT-T/GCE, respectively (see 
Supplementary Figure S4). 

Figure 2B shows the CV curves of MWNT-OH/GCE in 0.2 M 
H 2 S0 4 electrolytes with 0.4 mM NB at various scan rates. The sym- 
metrical and good redox peaks of NB on MWNT-OH/GCE can be 
observed. The potentials of oxidation peak 3 and reduction peak 2 
were 367.6 and 348.8 mV at the scan rate of 20 mV/s, respectively, 



indicating that the electrochemical reactions for the electrocatalysis 
of NB were reversible at the electrode. With the scan rate up to 
160 mV/s, the peak separation (AEp) of peaks 2 and 3 was slightly 
increased to 44.4 mV. The inset in Figure 2B showed that all the peak 
currents increased linearly with the square root of the scan rates, 
suggesting the existence of a surface diffused process 27 . 

Discussion 

The above results indicated that MWNT-OH/GCE exhibited an 
excellent electrocatalytic activity for NB and this is the consequence 
of the interactions among several factors. In our previous report 23 , 
however, MWNT-T/GCEs showed the highest activity toward 
simultaneously detecting dopamine, uric acid and ascorbic acid in 
aqueous electrolytes. It had been revealed that the order of oxygen- 
containing functional groups in CNTs was MWNT-T > MWNT- 
COOH > MWNT-OH > MWNT-P, and most of the functional 
groups in MWNT-T were carboxyl groups 23 . Therefore, the lack of 
sufficient groups in MWNT-P as well as graphite (Supplementary 
Figure SI) turned out to be the worst electrocatalytic performance for 
both NB and the mixed systems 23 . As depicted in Figure 1, however, 
more functional groups in MWNT-T increase the capacitive beha- 
vior compared with those of MWNT-OH and MWNT-P, which may 
hinder the electrocatalytic activity of MWNT-T, especially for the 
detection of NB. It is generally known that the wall of MWNTs is 
built up by the n electron derealization from sp 2 hybrid orbitals, thus 
it's readily for MWNTs to interact with other substances which 
contain n electrons and this should not cause any destruction to 
the structure of the chemically-modified MWNTs. The hydroxyl 
or amino group on the surface or the edge of the MWNTs is a strong 
electron donor, which would increase the electron density and 
strengthen the electron derealization of MWNTs. However, most 
of the functional groups in MWNT-T are carboxyl groups and the 
carboxyl group is a kind of strong electron acceptors 23 . In the mean- 
while, the reduction of NB is a process of received electrons. 
Therefore, the more electron donors modified in MWNTs, the 
higher electron density of MWNTs and the more readily reduction 
of NB (Figure SI). The order of hydroxyl-containing functional 
groups in CNTs was MWNT-OH > MWNT-T > MWNT-P which 
is consistent with the order of electrocatalytic activity as depicted in 
Figure 1. Clearly, the increase of the content of hydroxyl or amino 
groups in MWNTs could enhance their electrocatalytic activity 
toward the electroreduction of NB (Figure SI). It was also proposed 
that the specific surface areas of MWNTs should contribute to the 
electrocatalytic performances of chemically-modified MWNTs, 
which were >233 m 2 /g, 40-300 m 2 /g, and >40 m 2 /g for MWNT- 
NH 2 , MWNT-OH and MWNT-OH with less hydroxyl groups, 
respectively, according to the product descriptions. 

To calculate the removal efficiency of NB, DPV measurements of 
NB on the modified GCEs were performed. Supplementary Figure S5 
shows the DPV curves of NB on MWNT-OH/GCE at different scan- 
ning cycles. The peak current reached a maximum (1.07 mA) within 
10 scan cycles and then decreased slowly along with the continuous 
measurements. First cycle was chosen as the baseline because of no 
peak at the potential of 0.35 V. According to the Faraday's law of 
electrolysis, the removal rate of NB is estimated to be 0.41, 0.28 and 
0.33 mg for MWNT-OH, MWNT-P and MWNT-T per mg after 200 
scanning cycles. At the same time, MWNT-OH/GCE still main- 
tained a high electrocatalytic activity for NB with the performance 
only decreased 32% after repeated used for 200 times (Supple- 
mentary Figure S5). Therefore, MWNT-OH was selected to invest- 
igate the electrocatalytic mechanism of NB. 

When the potential window was extended, an interesting change 
in the CV curves of MWNT-OH/GCE can be observed (Figure 3A). 
When the positive potential is less than 0.30 V, only peak a can be 
obtained. With the positive potential increased to 0.50 V, the 
observed green curve in Figure 3 A is similar to those in Figure 2B. 
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Figure 2 | The influence of concentrations and scan rates for MWNT-OH. (A) DPV curves of NB under different concentrations: (a) 4, (b) 20, 
(c) 60, (d) 100, (e) 150, (f) 200, (g) 250 uM. DPV conditions: scan rate: 20 m/s, amplitude: 50 mV, pulse width: 50 ms, pulse period: 200 ms; (B) CV 
curves of NB (0.4 mM) on MWNT-OH/GCE in aqueous H 2 S0 4 (0.2 M) solution at various scan rates: (a) 20, (b) 40, (c) 60, (d) 80, (e) 100, (f) 120, 
(g) 140, (h) 160 mV/s. Inset shows variations of current vs. the square root of scan rate. 



However, the pink curve was different from that in Figure 1 when the 
ending potential was 0.60 V. This is because the pink curve was 
obtained after several circular scans in order to appear peaks g and 
h. Similar redox peaks can also be observed for the blue curves with 
the positive potential slightly increased, indicating that peaks g and h 
were a pair of redox peaks. Besides, peaks c and d were little lower 
than these used to be, probably ascribed to the formation of peaks g 
and h. Further increasing the potential led to the appearance of three 
pairs of redox couple peaks, namely peaks c and d, g and h, e and/. It 
was seen that peaks b and i appeared with the AEp of 678.7 mV when 
the sweeping range was set from —0.50 — 1.0 V. In the meantime, 
the AEp values of other three couples were very small, indicating the 
existence of the reversible response for these redox peaks. Obviously, 
both MWNT-P and MWNT-T showed less electrocatalytic perfor- 
mances than MWNT-OH (Supplementary Figure S6). 

In order to see the change of these redox peaks clearly, the CV 
curves were conducted continuously more than 100 circles, as shown 
in Figure 3B. It can be seen that there was no peak in the first 
scanning segment from 0 V to 1.0 V. In the second segment, NB 
began to be reduced at —0.302 V (peak a), and then a new oxidation 
peak d was obtained at 0.370 V in the return cycle. Another new 
reduction peak c was observed at 0.342 V in the next segment. This 
indicated that peaks c and d were generated by the intermediate 
which was formed during the reduction process of NB. With the 
increase of the scan segments, peaks b and i appeared almost at the 
same time, and then a pair of reversible redox peaks (peaks e and/) 
were observed at —0.475 V. At last, another pair of reversible redox 
peaks (peaks g and h) was obtained at —0.575 V. In short, the peaks 
in the wide potential range during the electroreduction of NB at 
MWNT-OH/GCE followed the pathway: peak a — > pecks c and d 
— > peaks b and i — > peaks e and/^ peaks g and h. 

However, the electroreduction of NB derivatives on MWNT-OH/ 
GCE was rather different from that of NB (Figures 3C, D and 
Supplementary Figure S7). As depicted in Figure 3C, adding a methyl 
group in the para position of NB (namely p-nitro toluene) led to the 
disappearance of one pair of redox peaks at the potential of about 

0.60 V in the scanning window of 0.50 1.0 V compared with 

that of NB. However, the CV curves for the electroreduction of p- 
nitrophenol only showed one pair of redox peaks at about 0.50 V 
under the largest potential window due to the existence of a hydroxyl 
group in the molecule (Figure 3D). It is also found that the CV curves 
for the electrocatalysis of both m-dinitrobenzen and 2,4-dinitroto- 
luene displayed one couple of peaks at about 0.38 V and two peaks at 



the potential range of 0.10 V — 0.30 V with positive electrocatalytic 
currents (Supplementary Figure S7). These indicated that the elec- 
trocatalytic reactions of aromatic nitro compounds on the CNT- 
GCEs can be easily adjusted by changing the substituted groups in 
the molecule. 

The electrochemical reduction of NB may produce a variety of 
intermediates, including phenylhydroxylamine, aniline, azoxyben- 
zene and azobenzene, etc 2,25 . It is proposed that peaks e, f, g and h 
should be related to the reduction of aniline. To demonstrate this 
hypothesis, CV measurements of aniline on MWNT-OH/GCE were 
performed (Figure 4A). For aniline, an oxidation peak i' at 0.87 V 
was observed in the first scanning segment, and two reduction peaks 
could be obtained at 0.58 V (peakg') and 0.47 V (peak e') in the 
return segment, and then another two oxidation peaks/ and h! were 
observed subsequently almost at the same potentials for peaks e' and 
g\ respectively. With the increase of scanning laps, the catalytic 
current of peak V diminishs, but the other two pairs of reversible 
peaks rose. These indicated that these two pairs of reversible peaks 
were attributed to the reduction of peak 

When the potential window was narrowed at 0.8 V, another pair 
of redox peak (peaks / and k') was observed at 0.4 V (Supplementary 
Figure S8). In the meantime, the former two pairs of peaks sharply 
reduced, indicating that the scanning potential has a great effect on 
the behavior of aniline on the MWNTs modified electrodes. It is 
reported that these pairs of redox peaks were generated during the 
degradation of polyaniline 28 30 . Peaks e' and/ were ascribed to the p- 
aminophenol and p-benzoquinoneimine couple, while peaks / and 
k' were attributed to the benzoquinone and hydroquinone cou- 
ple 31 " 33 . These observations can also been proved by the CV curves 
of aniline, hydroquinone, p-aminophenol (Supplementary Figure 
S9) on the MWNT-OH/GCE. 

To prove the above deduction and deeply explain the electrochem- 
ical reduction of NB, the CV curves of NB, p-aminophenol, azoben- 
zene and aniline were overlapped under a similar experimental 
condition (Figure 4B). Clearly, the potentials of redox peaks for p- 
aminophenol and azobenzene are equal to the peaks e and/, peaks g 
and h of NB respectively, indicating that peaks e and/put down to the 
p-aminophenol and p-benzoquinoneimine couple and peaks g and h 
attribute to azobenzene and hydrazobenzene couple. So, it is sug- 
gested that the evolution of NB on the MWNT-GCEs should be 
undergone the electroreductive pathway as described as Figure 5. 
Peak a was first generated by the four- electron reduction of NB to 
phenylhydroxylamine, then phenylhydroxylamine continued to be 
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Figure 3 | The influence of varied potential windows (A, C & D) and circular sweeps (B) for MWNT-OH. CV curves of (A & B): NB (0.4 mM), 
(C): p-nitrotoluene (0.4 mM), (D): p-nitrophenol (0.4 mM) in H 2 S0 4 (0.2 M) solutions. For (B), CV curves began at the potential of 0 V and shifted to 
positive potential, it didn't shift back until reached 1 V, then went back at the potential of — 0.5 V. Thus, the curves went back and forth between 1 V and 
— 0.5 V. The arrow indicates scan direction. 



oxidized to nitrosobenzene (peaks c and d). With the increase of the 
scan segments, it is proposed that two separated reductive pathways 
can be generated by phenylhydroxylamine. On the one hand, p- 



aminophenol can be formed by the Bamberger rearrangement from 
phenylhydroxylamine and then p-aminophenol was oxidized to p- 
benzoquinoneimine (peaks e and/) 34 . On the other hand, azobenzene 
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Figure 4 | The performance of aniline, p-aminophenol and azobenzene on MWNT-OH/GCE. (A) CV curves of aniline (0.5 mM) with varied scan 
cycles, (B) CV curves of NB (0.4 mM), aniline (0.5 mM), p-aminophenol (0.4 mM) and azobenzene (0.4 mM). Each of them is dissolved in the H 2 S0 4 
(0.2 M) solution. The arrows in Figure 4A indicate the scan direction. 
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Figure 5 | The possible electroreductive mechanism of NB on the MWNTs/GCEs. 



may be produced from phenylhydroxylamine by dehydration syn- 
thesis and azobenzene can be reduced to hydrazobenzene by getting 
two-electron (peaks g and h). However, p-aminophenol would not be 
generated if the potential was lower than 0.80 V. It is also suggested 
that the as -formed azobenzene and hydrazobenzene can be inter- 
acted with MWNTs through the n-n interactions due to their con- 
jugated systems 35 . The combined effects of these interactions among 
the intermediate compounds and MWNTs would lead to the specifi- 
city of the products and the subsequently electrochemical reaction 
will become more complicated as the reaction time increases, result- 
ing in the formation of more complicated compounds. 

It is proposed that the existence of the methyl group in p-nitroto- 
luene should influence the further reaction of 4-(hydroxyamino)to- 
luene (Figure 6A), which was first formed by the electro reduction of 
p-nitrotoluene. Thus, 4-(hydroxyamino)toluene was transformed to 
2-amino-5-methylphenol later via the Bamberger rearrangement 34 . 
The CV curves of p-nitrophenol and p-aminophenol are almost 
completely overlapped except the peak a, indicating that the p-ami- 
nophenol and p-benzoquinoneimine are the ended products of the 
reduction of p-nitrophenol (Supplementary Figure S10). Peak a 
appears at the same potential ( — 0.34 V) with that of NB and it's 
ascribed to the four-electron reduction from the nitro to hydroxya- 
mino group 25 . Because of the conjugated system between the 
phenyl and hydroxyl group, 4 -(hydroxyamino) phenol generates 



p-aminophenol by getting two -electron directly without oxidized 
to p-benzoquinoneimine similar to those results about NB. 
Therefore, peaks c and d are not observed from the CV curves of 
p-nitrophenol (Figure 3D). 

To conclude, the electroreduction of NB on MWNTs/GCEs was 
found to be dependent on the surface functional groups of MWNTs, 
in which the hydroxyl group plays a key role during the electrore- 
duction process. So MWNT-OH exhibited a higher catalytic activity 
than MWNT-T although MWNT-T has more functional groups. 
The capacitive feature of MWNT-T might impede the sensitivity 
for the electroreduction of NB on MWNTs/GCEs. It is suggested 
that NB should first generate phenylhydroxylamine by the four- 
electron reduction, and then phenylhydroxylamine can be oxidized 
to nitrosobenzene by losing two electrons. Phenylhydroxylamine can 
be transformed to azobenzene by losing two water molecules and 
azobenzene was reduced to hydrazobenzene after getting two hydro- 
gen atoms. If the scanning potential was over 0.80 V, phenylhydrox- 
ylamine would generate p-aminophenol through the Bamberger 
rearrangement, which was then oxidized to p-benzoquinoneimine 
by losing two electrons. The redox reactions between phenylhydrox- 
ylamine and nitrosobenzene, azobenzene and hydrazobenzene, p- 
aminophenol and p-benzoquinoneimine show visible reversibility 
according to the CV measurements. Because of the existence of the 
methyl or hydroxyl group, the electroreductive mechanism of 



(A) (B) 

°>v ^° HC> J>~ HO 

V NH " Njl NH 

CH 3 CH 3 V *r CH 3 OH >7 OH 

NH 2 X ^ ^ NH WW f ^ ^ NH 

L \+2H+2e~/ T f \+2H + +2e/ 0 

CH 3 CH 3 OH O 

Figure 6 | The possible electroreductive mechanisms of (A) p-nitrotoluene and (B) p-nitrophenol on electrode MWNT-OH/GCE. 
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p-nitrotoluene and p-nitrophenol on MWNTs/GCEs was slightly 
different from that of NB. These should help the design of newly 
electrochemical sensors based on CNTs. 

Methods 

Preparation of the modified electrodes. The bare GCE was polished to a mirrorlike 
surface with 0. 3 um A1 2 0 3 and rinsed with deionized water, then ultrasonicated in 
ethanol and deionized water for 15 minutes. Finally, the bare electrode was washed 
with deionized water and dried under ambient conditions. MWNTs (1 mg) were 
dispersed into 1 mL 0.05% nafion solution by ultrasonication to obtain a well- 
dispersed suspension. 10 uL of the suspension was dispensed on the treated bare GCE 
and exposed to air for 30 min at room temperature before electrochemical 
measurements. 

Electrochemical measurements. The electrochemical experiment was performed on 
a three- electrode system with MWNTs/GCEs as the working electrode, a platinum 
foil as the counter electrode and a saturated calomel electrode as the reference 
electrode. The modified electrode was scanned in H 2 S0 4 solutions (0.2 M), and then 
in the same solution containing NB with desired concentrations. CV and DPV were 
measured in a CHI 760E electrochemical workstation (CH Instruments, USA). All 
measurements were done at room temperature. 
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